INTRODUCTION
Elasto-plastic continuum analyses are generally carried out to predict the response of underground structures. The analyses require constitutive models for the material nearby. Mohr Coulomb linear model are generally used as contitutive model. The Mohr-Coulomb model parameters i.e. cohesion (c) and angle of internal friction () are evaluated based on triaxial test conducted on material specimen under various confining pressure. However, the typical triaxial test on rockmass is very cumbersome, time consuming and expensive. Generally field observation in association with classification approach is used to assess the behavior of rockmass.
However, some researchers are of the opinion that the behavior of rock mass is non-linear under triaxial state of stress [1] [2] [3] [4] [5] [6] [7] [8] . The non-linearity in strength must be incorporated while analyzing the rock structure. Hoek -Brown criterion [5] is the most commonly used nonlinear triaxial strength criterion presented for rockmass. The strength criterion undergone various modifications and a Generalized Hoek Brown (GHB) criterion was presented by Hoek et al. [6] . The GHB criterion has a history of development which incorporated the experience of various researchers in real field condition. The GHB consider only one classification system which is also based on visual inspection of rockmass.
Recently a new criterion was presented by Singh and Singh [8] as Modified Mohr-Coulomb criterion (MMC) which also considers the nonlinearity in strength of rockmass under triaxial state of stress. The criterion is based on the critical state concept [2] . The criteria can consider any classification system for evaluating the triaxial strength of rockmass.
To incorporate the effect of non-linearity while analyzing any rock structure, Linearization of triaxial datapoint obtained from the strength criterion in a given range of minor principal stress is done. The equivalent Mohr-coulomb (EMC) parameters are obtained from linearized data is used for the analysis. Present papers aims to predict the triaxial strength of the five rockmass data collected from the literature using Modified Mohr-Coulomb (MMC) criterion. Equivalent MohrCoulomb parameters (c and φ) were estimated by linearization of triaxial datapoint for a given range of minor principal stress. An elasto-plastic analysis of a hypothetical case of tunnel was carried out using the analytical solution given by CarranzaTorres [9] known as [19] [20] convergence confinement method. A quantitative comparison with GHB criterion was also carried out. The response of tunnel considering Hoek-Brown parameters directly using analytical solution given by [10] and by using equivalent Mohr-Coulomb criterion by linearization of the generalized Hoek-Brown criterion was carried out using the analytical solution given by Carranza-Torres [9] .
II. STRENGTH CRITERIA

A. Modified Mohr Coulomb (MMC) Criterion
Singh and Singh [8] proposed a new non-linear criterion for rockmass known as Modified Mohr-Coulomb criterion. The strength criterion incorporates the critical state concept [2] . The criterion for jointed rock mass is presented as:
Where σ1 and σ3 are the major and minor principal stresses. Parameter σci and σcmass are uniaxial compressive strength of intact and jointed rockmass. φjo is angle of internal friction of jointed rockmass corresponding to very small confining pressure (σ3→0) and is estimated from the relationship:
φio is angle of internal friction of intact rock corresponding to very small confining pressure i.e. σ3→0 [11] SRF is strength reduction factor and is calculated as:
B. Generalised Hoek and Brown (GHB) Criterion
The generalised Hoek and Brown criterion [6] for the rockmass is presented as:
Where σ1 and σ3 are the major and minor principal stresses, σc is the uniaxial compressive strength of the intact rock obtained from statistical analysis of triaxial test data, mi is an intact rock constant and D is a rockmass disturbance factor. GSI is the Geological strength index obtained by the visual inspection of rockmass. Some other methods were also presented by some researchers to calculate the GSI value like rock volume method [12] .
For the present analysis it is considered that the blasting is very good with minimal disturbance to the confined rockmass surrounding the rock structure. Hence, D = 0 has been considered throughout this paper.
III.
ROCKMASS DATA For the present study, the database of rockmass had been selected for which the rockmass classification data is available in term of RQD [13] , RMR [14] , Q system [15] and GSI [16] . Table I show the database of the rockmass used in the present study.
The classification of rockmass was presented based on the RQD, RMR and Q system. Table II show the classification of the rockmass of the database considered for the present study. An overall classification is also presented based on other classification system provided and judgement. 
A. Triaxial Simulation of intact rock
Both the rockmass strength criteria under consideration need parameters which require triaxial testing of the intact rock specimen. The parameters are φio in the Modified Mohr Coulomb criterion while parameters σc and mi in the generalized Hoek-Brown criterion are calculated based on triaxial test results of intact rock.
The σc and mi value can be calculated using the roclab software. Singh et al. [11] reported that φio may be obtained from triaxial test data as:
where,
A number of triaxial strength criteria have been presented by various researchers to predict the value of major principal stress at failure for intact rock corresponding to a minor principal stress. Most recently Shen et al. [21] presented a simplified strength criterion for intact rock based on rock type and uniaxial compressive strength. The Shen strength criterion is presented as:
( 1 2 ) σci is the uniaxial compressive strength of intact rock in MPa. a and b are constants which depend upon rock type. Shen et al. [21] presented a table for a and b for eight specific rock type. However, the value of a and b may be taken as 2.0 and -0.97 respectively in general, if no data regarding rock type is available or for rock type other than the eight specific ones.
A parabolic strength criterion for intact rock was also presented by Singh and Singh [22] as:
A is the criterion parameter, which can be estimated from σci as:
where σci is uniaxial compressive strength of intact rock in MPa within a range of 7-500MPa.
The above mentioned two strength criteria for intact rock have been used to simulate five triaxial data point for intact rock. The major principal stress at failure have been estimated corresponding to minor principal stress of 0, 2, 4, 6 and 10 MPa for each rock. The average value of major principal stress from the two strength criterion is used to calculate the value of mi, σc and Sinφio. The value of Sinφio, mi and σc is presented in Table V . This approach is used so as to have uniformity between GHB and MMC criterion in terms of intact rock strength parameters.
IV. CALCULATION OF ELASTIC AND PLASTIC PARAMETERS OF THE ROCKMASS
A. Calculation of uniaxial strength of rockmass (σcmass) and Elastic Modulus of rockmass (Emass)
The modified Mohr Coulomb (MMC) criterion requires SRF value as explained in previous section (Equation 3 ). The SRF calculation requires an estimate of σcmass i.e. uniaxial compressive strength of rockmass. A number of criteria were presented by previous researchers for the calculation of uniaxial strength of jointed rockmass, which are based on various classification systems. Table III present twelve such strength criteria considered in present study. The strength of rockmass is calculated from all the twelve criteria which consider different classification system. The value of rockmass strength obtained from the twelve equations is not a unique value and found to be very scatter. Probabilistic analysis is in vogue to have a better representation of variability [23] [24] . To get a unique representative value of rockmass strength, Weibull's probability distribution was fitted into the all these twelve value. This approach of using probability distribution gives a confidence level in the representative value of parameter. The Weibull's probability distribution function is defined as:
Where, P = Probability of occurrence, σ = variable parameter (stress), σu = minimum value of the variable below which the probability of occurrence is zero. σa is the scale parameter and m is the shape parameter representing the steepness of the plot. The Weibull's probability distribution is converted into linear function form as:
The value of σu was assumed from dataset and parameter m and σa were obtained by fitting a straight line to Equation 17 . Several trials were made to fix the value of σu such that best coefficient of correlation is achieved. The value of variable parameter corresponding to 50% of occurrence is considered as representative value of parameter. The rockmass strength corresponding to 50% or 0.5 probability of occurrence is designated as representative value rockmass strength (σcmass). Fig.1 shows the typical Weibull's distribution fitted for the calculation of uniaxial strength of rockmass. Table V present the representative value of σcmass for all the rockmass. 
Based on GSI 11 [6] 12 [32] .
Similar to the uniaxial compressive strength of rockmass, the elastic modulus (Emass) of the rock mass is also calculated using fourteen equations presented in Table IV . For some rockmass data elastic modulus of intact rock (Ei) is not Fig.2 shows the typical Weibull's distributions fitted for calculation of elastic modulus of rockmass. The value of Emass for the rockmass is presented in Table V . For the GHB criterion only GSI classification system is used. The rockmass strength (σcmass) and elastic modulus of rockmass (Emass) were calculated using equations which consider the GSI classification only.
Table V present the value of both σcmass_HB and Emass_HB calculated considering only GSI classification system. 
B. Calculation of Modified Mohr-Coulomb Parameters
The Sinφio value as presented in Table V is used to calculate the value of Sinφjo using equation 2. The SRF value is obtained using equation 3. Table V presents the parameters obtained for MMC criterion for all the rockmass.
C. Using Generalised Hoek and Brown criterion
The Generalised Hoek and Brown (GHB) criterion considers only GSI classification of the rockmass. The input parameters are GSI value for rockmass, mi and σc value for the intact rock. The Roclab software is used to calculate the parameters of GHB criterion i.e. mb, S and a value of the rockmass. The mi and σc value as presented in Appendix-II and GSI value as presented in Table I are supplied to the software for calculating the parameters of GHB criterion for all the rockmass. Table VII present the parameters obtained for GHB criterion for all the rockmass.
D. Poisson's ratio of Rockmass
The Poisson's ratio for rockmass is considered as 1.2 times of poisons ratio of intact rock. The rockmass for which poisons ratio is not provided, a value of 0.25 is considered. Table VI and 7 also present the value of poisons ratio.
V. ANALYSIS OF TUNNEL
Carranza-Torres and Fairhurst [10] and Carranza-Torres [9] presented analytical solution for elasto-plastic analysis of circular tunnel subjected to uniform far-field stress. The strength criterion considered is Hoek-Brown criterion and Mohr Coulomb criterion. Three different analyses had been done in the present study. Firstly the GHB criterion had been applied directly using the analytical solution given CarranzaTorres and Fairhurst [10] .
Secondly, the analysis is done considering the equivalent Mohr-Coulomb (EMC) parameters obtained by linearization of GHB criterion (EMC_GHB). Thirdly the analysis is done considering the EMC parameters obtained by linearization of MMC criterion (EMC_MMC). For second and Third case, the analytical solution given by Carranza-Torres [9] has been used which consider Mohr-Coulomb Material. 
A. Tunnel dimension and far field stress
The tunnel considered for the present study is of radius (a) 5m and subjected to far field stress (σ0) of 10MPa. Fig.3 shows the pictorial representation of problem considered. 
B. Analysis using GHB criterion directly
The analysis of tunnel is done for non-associated case i.e. (ψ = 0°) as well as for associated case (ψ = φ) where ψ is the dilatation angle. For the associated case the ψ value is considered as angle of internal friction obtained from linearization of GHB criterion. The response of tunnel in terms of radius of plastic zone (Rpl), tunnel convergence (Ur) and tunnel convergence strain (Ur/a) for both non-associated and associated cases is presented in Table VI .
C. Analysis using Linearization of GHB criterion
Researchers worked on the GHB criterion for deducing the equivalent cohesion and angle of internal friction. Earlier Hoek et al. [5] stated that linearizing the eight triaxial data for minor principal stress in range of zero to 25% of UCS of intact rock can serve the purpose. However, the case is very different with tunnel as support pressure plays an important role in development of plastic zone around the opening. Artificial range of minor principal stress was defined by Hoek et al. [6] over which the linearization has to be done.
Sofianos and Halakatevakis [46] stated that in real field condition existing range of stresses has effect on equivalent Mohr-Coulomb criteria. Sofianos and Nomikos [47] compared various values of c and φ calculated using linearization in existing range, artificial range of stresses and equating model response as stated by earlier researchers. Jimenez et al. [48] presented a technique for linearization of Hoek and Brown Criteria to calculate the equivalent cohesion and angle of internal friction by applying a best fit in lambe's p-q field.
The linearization of triaxial data of rockmass is done for the minor principal stress in range of Support pressure applied i.e. zero to Far field stress i.e. 10MPa. A best fit line equation is obtained using excel spreadsheet. The value of equivalent Mohr-Coulomb (EMC) parameters is calculated as:
where, equation of best fit line is presented as: Table V present the EMC parameters obtained by linearization of GHB criterion in the range of 0 to 10 MPa. The EMC parameter is used to analyze the tunnel using analytical solution given by Carranza-Torres [9] . The response of tunnel in term of radius of plastic zone (Rpl), tunnel convergence (Ur) and tunnel convergence strain (Ur/a) for both non-associated and associated cases is presented in Table VI .
D. Analysis using Linearization of MMC criterion
Table V presents the equivalent c and φ values obtained from linearization of triaxial data for the minor principal stress in the range of 0 to 10MPa for MMC criteria. The Analysis of the tunnel case has been done using the analytical solution given by Carranza-Torres [9] for Mohr-Coulomb material. The analysis is done using Excel spreadsheet. The analysis of tunnel is done for non-associated case i.e. (ψ = 0°) as well as for associated case (ψ = φ). The response of tunnel in term of radius of plastic zone (Rpl), tunnel convergence (Ur) and tunnel convergence strain (Ur/a) for both non-associated and associated cases is presented in Table VI. VI. DISCUSSIONS
A. Ratio of equivalent cohesion and angle of internal friction
Table VII present the ratio of equivalent cohesion and angle of internal friction obtain by linearization of GHB and MMC criterion for all the rockmass considered. The ratio of the equivalent cohesion of rockmass obtained by considering MMC criterion to that of cohesion obtained by considering GHB criterion is 0.57. While the ratio of equivalent angle of internal friction is 1.36. Fig.4 shows the radius of plastic zone for various rockmass cases. It can be clearly interpreted that the MMC criterion underestimates the radius of plastic zone as compared with that of GHB criterion. The radius of plastic zone predicted by MMC criterion is lower but close to that predicted by GHB criterion. Fig.5 and Fig.6 shows the tunnel convergence strain calculate for various rockmass cases for associated and nonassociated case. The tunnel convergence strain predicted by MMC criterion is significantly overestimated as compared to that predicted by GHB criterion for both non associated and associated case except for one case. However, the strain calculated from all the analyses is close.
B. Radius of Plastic zone
C. Tunnel convergence Strain
VII. CONCLUDING REMARKS
The present paper attempts to predict the value of triaxial strength of rockmass as well as an analysis of hypothetical tunnel case using Modified Mohr-Coulomb criterion. The rockmass data from twenty different sites were collected from literature. Weibull's probability distribution is used for determining a unique representative value of rockmass uniaxial strength and its elastic modulus. The triaxial strength of rockmass predicted by both GHB and MMC are compared based on equivalent Mohr-Coulomb (EMC) parameters. The MMC criterion predicts lower value of cohesion and higher value of angle of internal friction as compared to GHB criterion. The analysis of an unsupported case of tunnel has been carried out using the three different approaches. The analysis showed that for MMC criterion predict lower radius of plastic zone compared to GHB criterion. The tunnel convergence strains predicted for both non associated and associated case, the MMC criterion predict higher value as compared to GHB except for one case. The tunnel convergence strain is quite close to each other.
A quantitative comparison of Modified Mohr-Coulomb criterion with generalized Hoek-Brown criterion is presented in the present article. In the absence of actual data of tunnel convergence, it is very difficult to qualitatively compare the accuracy of both criterions.
The analysis of tunnel presented here above using MMC criterion consider a number of equation presented for estimation of strength and elastic modulus of rockmass. These equations were presented by a number of authors with their vast experience in field. The analysis also takes into account of various rock classification systems. The incorporation of probabilistic approach gives a much higher sense of confidence.
VIII. ACKNOWLEDGEMENT
